Nitric acid was employed to strip silver from loaded 5,8-diethyl-7-hydroxy-dodecan-6-oxime (LIX63) in the recovery of silver from a leaching solution of a spent Ag/α-Al 2 O 3 catalyst. The loaded LIX63 was obtained by contacting the real leaching solution with 0.5 mol/dm 3 LIX63 diluted in kerosene. In order to produce silver powder by reduction, the HNO 3 in the stripping solution was recovered by extraction with tri 2-ethylhexyl amine (TEHA) followed by stripping with distilled water. Silver powder was obtained by reduction with 0.1 mol/dm 3 L-ascorbic acid. A owsheet was proposed to recover Ag from the leaching solution of the spent Ag/α-Al 2 O 3 catalyst by solvent extraction and reduction with minimum waste emissions.
Introduction
Silver is the active ingredient of Ag/α-Al 2 O 3 catalysts, which are used in the manufacture of formaldehyde from methanol and ethylene from ethylene oxide, and in the synthesis of nitrile from aldehyde and ammonia. 1) Spent catalysts from the chemical industry are an important secondary resource of silver. The growing demand for silver due to the depletion of natural resources and increasing strictness of environmental policies has made silver recovery from spent catalysts important from the viewpoints of both economics as well as environmental protection. 2) Recovery of silver from the spent catalysts is generally accomplished by hydrometallurgical treatment, in which silver and other minor elements are rst leached using moderately concentrated nitric acid. Cyanide and chloride leaching have also been studied as an alternative to this technique. Recovery of silver from these leaching solutions was investigated by both solvent extraction [3] [4] [5] [6] and ion exchange methods. [7] [8] [9] The solvent extraction process offers signi cant advantages as a potential technique for recovering metal ions from solutions. 10, 11) Solvent extraction is considered a better technique than ion exchange in terms of process ef ciency, 12) particularly when the concentration of the metal ion to be separated is higher than 1 g/dm 3 . Recovery of Ag from nitrate solution is mainly studied at low acid concentrations, typically above a pH of 1, while that at high acid concentration solutions is limit. [13] [14] [15] [16] [17] [18] [19] 5, 8-diethyl-7-hydroxy-dodecan-6-oxime (LIX63) has been used in research and industrial settings to extract many metals, including cobalt, nickel, palladium, gallium, and molybdenum. [20] [21] [22] [23] In our previous study, 24) LIX63 was used to selectively extraction of silver from the nitrate leaching solution of spent Ag/α-Al 2 O 3 catalyst, which contains Ag 7.08, Al 0.07, Si 0.04, Ca 0.007, and Re 0.016 g/dm 3 . Silver was completely extracted with 0.5 mol/dm 3 LIX63 at an O/A (organic to aqueous phase) ratio of 1 for 3 stages. Stripping of Ag from the loaded LIX63 was managed using 0.1 mol/dm 3 thiourea.
However, production of silver powder from the above solution (Ag[CS(NH 2 ) 2 ] 3 NO 3 ) proved dif cult due to the presence of sulfur. In order to overcome this problem, HNO 3 was employed in this study as the stripping agent to recover Ag from the loaded LIX63. Furthermore, the used HNO 3 was regenerated by solvent extraction with tri 2-ethylhexyl amine (TEHA), which is important for economic and environmental purposes.
The effect of the concentration of HNO 3 on the stripping ef ciency of Ag and extraction ef ciency of HNO 3 with TEHA was examined. McCabe-Thiele diagrams were constructed for the extraction and stripping of Ag(I) and HNO 3 . Simulations of counter-current extraction and stripping experiments were also performed to validate the results.
Experimental

Materials
The leaching solution was prepared with the method reported previously. 24) The composition of the resultant leaching solution was as follows: Ag 7.08, Al 0.07, Si 0.04, Ca 0.007, and Re 0.016 g/dm 3 . In the stripping process, only the Ag was considered. Therefore, the synthetic solutions were prepared by dissolving the necessary amounts of AgNO 3 (99.8%, Daejung Chemicals and Metals Co., Ltd.) in double-distilled water. In all the experiments, the concentration of Ag(I) was maintained at 7.08 g/dm 3 to mimic the leaching solution. HNO 3 was used to adjust the acidity of the solutions.
The extractants LIX63 and TEHA were purchased from Cognis and BASF chemical Co. Ltd., respectively, and were used without further puri cation. Kerosene (Daejung Chemicals and Metals Co., Ltd.) was used as the diluent.
For the reduction process, reagent grade of L-ascorbic acid (Sigma-Aldrich) and gum arabic (Junsei Chemical) were used as the reduction and dispersion agents, respectively.
Extraction and stripping procedures
The extraction and stripping experiments were carried out by contacting equal volumes (20 ml) of the aqueous and organic phases for 30 min using a wrist shaker (Burrell Wrist Action Shaker Model 75, USA). All the experiments were performed at ambient temperature (25 ± 1 C). After shaking, the two phases were separated using separation funnels, and the concentrations of the metal ions in the aqueous phase were measured via inductively coupled plasma-optical emission spectrometry (ICP-OES, Spectro Arcos). The concentrations of the metal ions in the organic phase were determined by mass balance.
The number of extraction and stripping stages in a continuous operation were derived by constructing McCabe-Thiele diagrams. The equilibrium isotherms were obtained by determining the mass balance after equilibration for shakeout tests with aqueous and organic solutions in different phase volume ratios.
Reduction procedure
In the reduction procedure, 0.1 mol/dm 3 of L-ascorbic acid and gum arabic were used as the reducing agent and dispersion agents, respectively. A 400 ml solution containing silver nitrate (Ag, 1.613 g/dm 3 ) and 0.1 g of gum arabic was added dropwise over 60 min to a 400 cm 3 solution containing 0.1 mol/dm 3 of L-ascorbic acid and 0.1 g of arabic gum while stirring. Excess L-ascorbic acid was used to make sure all the silver was reduced. The temperature was kept at 25 C for 0.5 h to ensure that the reaction proceeds to completion. The metallic silver powder was recovered from the solution, washed, and dried in a desiccator. The structural characteristics of the resultant powder samples were analyzed by X-ray diffractometry (XRD, ULTIMA IV, Rigaku).
Results and Discussions
Extraction of Ag from the nitrate leaching solution
In our previous study, 24) Ag was selectively extracted from the real leaching solution of Ag/α-Al 2 O 3 catalysts by using 0.5 mol/dm 3 LIX63, leaving the other impurities(Al, Si, Ca) in the raf nate. The co-extracted Re was very low (<1.2 mg/ dm 3 ). Complete extraction of Ag from the leaching solution was managed with 0.5 mol/dm 3 LIX63 at an O/A ratio of 1 for 3 stages.
Stripping of Ag from loaded LIX63 3.2.1 Stripping agent
Stripping of Ag from the loaded LIX63 was investigated by using nitric acid solutions. The loaded LIX63 was prepared by contacting the real leaching solution with 0.5 mol/dm 3 LIX63 at an A/O ratio of 1:1. The concentration of Ag in the loaded LIX63 was 6.46 g/dm 3 . Using thiourea or a mixture of thiourea and nitric acid solutions (0.1 mol/dm 3 
McCabe-thiele plot for stripping of Ag
The stripping distribution isotherm for Ag extraction from the loaded 0.5 mol/dm 3 LIX63 using 5 mol/dm 3 HNO 3 solution was obtained by varying the volume ratio between the aqueous and organic phases from 5:1 to 1:3. The concentration of Ag in the loaded LIX63 was 6.46 g/dm 3 . The stripping percentage of Ag increased from 14.9% to 76.9% when the A/O ratio was increased from 1:2 to 5:1.
The McCabe-Thiele diagram for the stripping of Ag from the loaded LIX63 is shown in Fig. 1 . Four counter-current stripping stages at an A/O ratio of 2:1 can lead to quantitative stripping of Ag from the loaded LIX63.
To verify the number of stages estimated from the McCabe-Thiele diagram, batch simulation experiments of a four-stage counter-current extraction were carried out at an A/O ratio of 2:1. The results indicated that four stages of counter-current extraction lead to 99.9% of Ag being stripped. The composition of the stripping solution was Ag 3.226 g/ dm 3 and HNO 3 5 mol/dm 3 .
Recovery of HNO 3
Reduction of silver was affected by the acidity of the solution. Reduction experiments at acid concentrations higher than 0.1 dm 3 failed under the present experimental conditions. In order to recover Ag from the stripping solutions by reduction, their acidity needed to be reduced. Thus, a method that attempts to reduce the acidity by recovering the HNO 3 in the stripping solution was developed.
Tributyl phosphate (TBP) and TEHA have been reported to have the ability to extract acid from aqueous solutions. 25) When TBP was used as the extractant in the extraction of HNO 3 , a large amount of TBP was lost due to its high solubility in water. 26) This problem can be avoided by using TEHA. In addition, it is possible to strip HNO 3 from the loaded TEHA by using distilled water. 3 TEHA was employed as the extractant to recover HNO 3 in the stripping solution containing AgNO 3 . A solution containing 3.226 g/dm 3 of Ag and 5 mol/dm 3 of HNO 3 was contacted with 1.5 mol/dm 3 TEHA diluted in kerosene. The extraction percentage of HNO 3 was 31.2% at 1:1 A/O ratio. Extraction reaction of HNO 3 with TEHA can be represented as 28) 2TEHA org + HNO 3(aq) = (TEHA) 2 · HNO 3(org) (1) We note that even when the A/O ratio was increased to 1:5, the concentration of HNO 3 in the aqueous phase remained constant at about 3 mol/dm 3 . The extraction behavior of HNO 3 when using 1.5 mol/dm 3 TEHA was further investigated by varying the concentration of HNO 3 in pure HNO 3 solutions from 1 to 5 mol/dm 3 . The results presented in Fig. 2 show that the extraction percentage of HNO 3 when using TEHA decreased with increasing concentration of HNO 3 in the feed solution. When the concentration of HNO 3 in the feed solution was 2.5 mol/dm 3 , the extraction percentage of HNO 3 was 65.4%. Therefore, the stripping solution was diluted by a factor of two with the purpose of recovering all the HNO 3 . 3 The isotherm for extraction of HNO 3 by TEHA was obtained by varying the A/O ratio from 3:1 to 1:5. In these experiments, 1.5 mol/L TEHA was contacted with an aqueous phase containing 2.5 mol/dm 3 of HNO 3 and 1.613 g/dm 3 of Ag. The extraction percentage increased from 4.89 to 99.25% when increasing the A/O ratio from 3:1 to 1:5. No Ag was detected being extracted with TEHA. The McCabe-Thiele diagram for the extraction of HNO 3 is shown in Fig. 3 . The results indicate that two theoretical extraction stages are needed to completely extract HNO 3 by using 1.5 mol/dm 3 TEHA at an A/O ratio of 1:2.
27)
Effect of initial concentration of HNO
McCabe-thiele plot for extraction of HNO
To verify the number of stages estimated from the McCabe-Thiele diagram, batch simulation experiments were carried out on a three stage cross-current extraction at an A/O ratio of 1:2. The batch simulation experiments show that more than 99% of HNO 3 was extracted after two stages, and the HNO 3 was completely extracted after three stages of extraction. The silver remained in the stripping solution. 3 Stripping of HNO 3 from the loaded TEHA was carried out with distilled water. The loaded TEHA was prepared by contacting 1.5 mol/dm 3 TEHA with 2.5 mol/dm 3 HNO 3 at an A/O ratio of 1:2 in a two-stage cross-current extraction. The concentration of HNO 3 in the loaded organic was 4.96 mol/ dm 3 . The stripping experiments were carried out by varying the A/O ratio from 1:1 to 7:1.
McCabe-thiele plot for stripping of HNO
The McCabe-Thiele diagram for the stripping of HNO 3 from the loaded TEHA is shown in Fig. 4 . Four cross-current stripping stages at an A/O ratio of 5:1 would lead to quantitative stripping of HNO 3 from the loaded TEHA.
Batch simulation experiments of a four-stage cross-current extraction were carried out at an A/O ratio of 5. More than 99% of HNO 3 was stripped after four stages, and complete stripping of HNO 3 was observed after the ve stage batch simulation experiment. The recovery ef ciency of HNO 3 was 99.2%. The concentration of the recovered HNO 3 was 0.99 mol/dm 3 , which allows it to be used directly in the leaching of the spent α-Al 2 O 3 /Ag catalyst.
24)
Production of silver powder by reduction
Reducing agents such as hydrazine hydrate, formaldehyde, and ascorbic acid have been used in reducing Ag from pure silver nitrate solution. 29) In this study, Ag was recovered from the stripping solution after removal of HNO 3 using the reduction method.
Under the present experimental conditions, it was dif cult to separate the silver powder obtained from the solution using hydrazine hydrate as the reducing agent. The reason may be that the reduction power of hydrazine hydrate is too strong. Because formaldehyde is toxic, ascorbic acid was chosen as the reducing agent. The reaction can be represented as follows: 29) 2Ag The silver was completely reduced by using an excess of L-ascorbic acid. Figure 5 gives the XRD pattern of the silver powder obtained in this study. The peak positions in the XRD pattern are consistent with those of bulk silver. 29) Peaks that result from impurities were not observed. A number of Bragg re ections with 2θ values of 38.4 , 44.5 , 64.5 , and 77.7 are observed in Fig. 5 ., which may be indexed as the (111), (200), (220) and (311) lattice planes of the silver particles, respectively. These silver powders can be applied in the production of the Ag/α-Al 2 O 3 catalyst.
Proposal of the recovery proceeding
A proposed process for the recovery of Ag from the spent Ag/α-Al 2 O 3 catalyst is presented in Fig. 6 . Silver nitrate solution was obtained from the nitrate leaching solution by extraction with LIX63 followed by stripping with 5 mol/dm 3 HNO 3 . Before reduction of Ag, the acidity of the solution was adjusted by recovery of HNO 3 by solvent extraction with TEHA followed by stripping with distilled water. Silver powder was produced by reduction with ascorbic acid. The efciency of recovery of Ag from the leaching solution was 99.89%. (This can be increased higher by increasing the extraction stages in extraction process.) This recovered silver can be applied to produce the Ag/α-Al 2 O 3 catalyst. In this procedure, not only was the organic extractant regenerated, but the HNO 3 used in the stripping step was also recovered. The concentration of the recovered HNO 3 is high enough to be used in the leaching process of the spent Ag/α-Al 2 O 3 catalyst. Experiments on a continuous process using a mixer-settler type extractor with real leaching solutions should be conducted in future studies.
In literature, among of the limited researches on extraction recovery of Ag from nitrate solution, high recovery (99.5%) of Ag was also obtained by using calixarenes in 1-alkyl-3-methylimidazolium hexa uorophosphate from nitrate solution containing 10.8 mg/dm 3 of Ag. 30) In fact, the nitrate solution containing low concentration of Ag (<50 mg/dm 3 ) is commonly employed in the reported researches. 2, 5, 6, 17, 30) Therefore, to recover the same amount of Ag, the experiment scale might be decreased hundreds of times by using the method in the present study compared with these methods. In addition, recovery of Ag by using the present proceeding avoids using toxic chemicals and restricted disposal problems compared with that from cyanide medium. 6, 9, 31) Thus, the present studied proceeding is more environmental friendly and has potential to be applied in practice.
Conclusions
Silver was recovered from nitrate leaching solutions of a spent Ag/α-Al 2 O 3 catalyst by solvent extraction followed by reduction. Silver was completely extracted with 0.5 mol/dm 3 LIX63 at an O/A ratio of 1 for 3 stages. Complete stripping of silver from the loaded LIX63 was achieved by using 5 mol/ dm 3 HNO 3 in four stages at an A/O ratio of 2. Subsequently, the HNO 3 in the resultant stripping solution was extracted with TEHA in three stages at an A/O ratio of 1:2. The HNO 3 was recovered from the loaded TEHA by using distilled water in ve stages at an A/O ratio of 5. The concentration of recovered HNO 3 is high enough to be used in the leaching process of the spent Ag/α-Al 2 O 3 catalyst. Compared with hydrazine hydrate, ascorbic acid was easier to manage reducing of Ag from the obtained stripping solution. In this procedure, the silver, used organic extractant, and used acid were all regenerated. The amount of material being discarded was signicantly reduced in this ow chart, which has both environmental and economic advantages.
